ABSTRACT
M
acrophages may play an important role in human immunodeficiency virus type 1/simian immunodeficiency virus (HIV-1/SIV) pathogenesis. Infection of microglia and perivascular macrophages actively mediates entry of HIV-1 into the central nervous system (CNS), resulting in HIV-associated dementia, encephalitis, cognitive disorder, and peripheral neuropathy (1) . Accumulating data suggest that tissue macrophages are an important reservoir of virus. Infection of rhesus macaques with a highly pathogenic hybrid simian-human immunodeficiency virus (SHIV) resulted in the rapid depletion of CD4
ϩ T cells such that macrophages were the principal reservoir that sustained high viral loads in the SHIV-infected animals (2) . In another study, rhesus macaques depleted of CD4 ϩ T cells exhibited higher viral loads than nondepleted animals, and in situ staining performed on gut tissue revealed that macrophages were the primary source of viral replication (3) . It has also been suggested that the level of monocyte turnover is responsible for disease progression in the macaque model of AIDS (4) .
Macrophages present unique obstacles to infection by primate lentiviruses. The nondividing status of terminally differentiated macrophages and low deoxynucleoside triphosphate (dNTP) levels have to be accommodated in order for primate lentiviruses to establish a productive infection (5, 6) . Additionally, macrophages are resistant to the cytopathic effects of viral replication in comparison to the sensitivity of activated CD4 ϩ T cells (2, (7) (8) (9) , and HIV-1 has evolved mechanisms to prolong the life span of infected macrophages (9, 10) . HIV-1 can also be detected in individuals on suppressive antiretroviral therapy (ART), raising the possibility that these cells serve as a viral reservoir (11) . As such, macrophages may be relevant to strategies aimed at elimination of HIV-1 from infected individuals. In this regard, researchers have begun to explore approaches to eradicate persistent viral reservoirs. One method is to stimulate viral activity in the reservoir with the hope that the HIV-infected cells are eliminated by viral cytopathic effects and/or cell-mediated immune clearance (12) .
Understanding how CD8 ϩ T cells control viral replication in CD4 ϩ T cells has been the focus of many studies, but little attention has been paid to understanding CD8 ϩ T cell-mediated control of viral replication in infected macrophages. A recent report demonstrated that freshly sorted, SIV-specific CD8 ϩ T cells had the ability to suppress viral replication and eliminate SIV-infected CD4 ϩ T cells after 2 days of infection but were not able to eliminate the majority of SIV-infected macrophages (13) . Another study demonstrated that viral replication in HIV-1-infected macrophages could be considerably suppressed 5 to 7 days after infection by ex vivo freshly sorted bulk CD8 ϩ T cells (14) . These studies conflict with previous reports that have shown that CD8 ϩ T cell lines or clones can significantly suppress viral replication in HIV/ SIV-infected macrophages in a short time frame (15, 16) . In order to generate CD8 ϩ T cell lines, B-lymphoblastoid cell lines (BLCLs) are repeatedly pulsed with peptide, and CD8 ϩ T cell lines are repeatedly stimulated in vitro and maintained in interleukin-2 (IL-2)-containing tissue culture medium. These cell lines may have less physiological relevance in the study of CD8 ϩ T cell killing than freshly sorted CD8 ϩ T cells and may not accurately reflect what happens in vivo.
To determine the mechanism responsible for the reported protection of infected macrophages from rapid killing by freshly sorted unstimulated CD8 ϩ T cells, we chose to focus on the effect of the viral accessory Nef protein. Nef can downregulate major histocompatibility complex class I (MHC-I) molecules, thereby facilitating evasion from CD8 ϩ T cell recognition and increased viral replication in infected CD4 ϩ T cells (17, 18) . We examined if Nef-mediated MHC-I downregulation underscored the ability of infected macrophages to resist CD8 ϩ T cell surveillance. We examined the capacity of freshly isolated SIV-specific CD8 ϩ T cells to control viral replication in primary target cells (CD4 ϩ T cells and CD14
ϩ monocyte-derived macrophages) infected with SIV harboring a nef variant encoding a point mutation (Y223F) that has been shown to impair MHC-I downregulation and a nef deletion mutant (⌬nef strain, with a 181-bp deletion at nucleotide 175 in the beginning of the nef coding sequence) that would be expected to abrogate all activities of Nef, including MHC-I downregulation (19) (20) (21) . As effector cells, we used freshly sorted SIVspecific CD8 ϩ T cells from elite controller animals. We show that although macrophages infected with SIV nef mutants increase MHC-I expression, this is not sufficient to impact their sensitivity to CD8 ϩ T cell killing. ϩ target cells were isolated by positive selection using CD14 microbeads (Miltenyi Biotec) and LS columns (Miltenyi Biotec) and used according to the manufacturer's instructions. CD14 ϩ cells were resuspended in macrophage medium comprising Dulbecco's modified Eagle's medium (DMEM) (Gibco) containing 10% heat-inactivated human serum (Sera Care Life Sciences), 2 mM L-glutamine (Gibco), 10 g/ml gentamicin (Sigma-Aldrich), and 10 ng/ml rhesus monocyte colony-stimulating factor (rhMCSF; R&D System); cells were seeded at 1 million cells per well in a 24-well plate (Corning) and cultured for 6 days at 37°C with 5% CO 2 . CD4 ϩ T target cells were isolated from the CD14-negative PBMC fraction using positive selection with CD4 microbeads (Miltenyi Biotec) and LS columns. Target CD4 ϩ T cells were activated for 3 days with 5 mg/ml phytohemagglutinin (PHA) (Roche Diagnostics) and 10 U of interleukin-2 (IL-2)/ml and further cultured in R10-100 medium (RPMI 1640 medium [Gibco] containing 10% fetal bovine serum [FBS; HyClone], supplemented with 2 mM L-glutamine [Gibco] , 100 IU/ml penicillin [Gibco], 100 g/ml streptomycin [Gibco], and 100 U/ml IL-2). IL-2 was obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH.
MATERIALS AND METHODS

Animals. Indian rhesus macaques (Macaca
SIV-specific CD8 ϩ T cells were purified from PBMC isolated from SIV-infected elite controller, progressor, or vaccinated macaques (Table  1) using Ficoll-Plaque Plus density centrifugation. T cells were isolated by negative selection using a Pan-T cell isolation kit (Miltenyi Biotec) and LS columns and used according to the manufacturer's instructions. The T cell fraction was resuspended at 40 million cells/ml in R10-100 medium and incubated with one of the following tetramers for 1 h at 37°C: Gag 181-189 Table 2 ). Tetramer-bound CD8 ϩ T cells were enriched using APC or PE microbeads (Miltenyi Biotec), depending on the fluorophore used, and incubated overnight in R15-100 medium (prepared similarly to R10-100 but containing 15% FBS) at 2 million cells/ml in a 24-well plate. Surface staining was performed postsorting to ensure that epitope-specific CD8 ϩ T cells were at least 50% of the purified cells.
Generation of SIV and spinoculation infection. SIVmac239wt (wild type [WT]), SIVmac239⌬nef (⌬nef), and SIVmac239-Y 223 F (Y223F) viruses pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) were generated by cotransfection of 293T cells using Lipofectamine 2000 (Invitrogen) containing 12 g of SIV proviral plasmids and 1 g of the pCMV-VSV-G (where CMV is cytomegalovirus) plasmid. The SIVmac239wt and SIVmac239⌬nef plasmids were kindly provided by Ronald Desrosiers, and the SIVmac239-Y 223 F plasmid was obtained from Frank Kirchhoff. Virus-containing supernatants were harvested at 48 h and 72 h posttransfection. Monocyte-derived macrophages (macrophages) were infected with 50 ng of Gag p27 of WT, Y223F, or ⌬nef (VSV-G-pseudotyped) virus per million cells for 6 h at 48 h prior to the cocultures. Subsequent experiments were completed with macrophages infected with 2 ng of p27 gag to reduce infection levels to approximately 35%, referred to here as a low multiplicity of infection (MOI). Viral input was washed, and macrophages were cultured in 1 ml of macrophage medium. CD4
ϩ T cells were infected with 400 ng of p27 gag WT, Y223F, or ⌬nef (VSV-G-pseudotyped) virus per 1 million cells in a 12-well plate (Corning) via spinoculation at 1,200 ϫ g for 2 h at 24 h prior to coculture (22) . Cells were allowed to sit for an additional 2 h at 37°C; they were then washed twice and cultured in R15-100 medium. Since, the Nef variants (Y223F or ⌬nef virus) were available in the SIVmac239 backbone, a lymphocyte-tropic virus, we chose to use pseudotyped virus to facilitate viral infectivity in macrophages. As a control, macrophages were infected in the presence of tenofovir at 400 M for 72 h to ensure that productive infection was being quantified by flow cytometry in Gag p27 ϩ target cells.
Tenofovir was obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH.
Ex vivo viral suppression assay. The viral suppression assay (VSA) involved the coculture of primary WT-, Y223F-, or ⌬nef-infected CD4 ϩ T lymphocytes or monocyte-derived macrophages (target cells) with enriched, primary unstimulated SIV-specific CD8 ϩ T cells (effector cells) from several elite controller, infected, or vaccinated animals ( Table 2 ) for 24 h (Fig. 1 ). In the majority of the cocultures containing WT-and Y223F-infected target cells, freshly sorted Gag 181-189 CM9-and Nef 137-146 RL10-CD8 ϩ T cells (Table 2) were used from elite controller animals ( Table 1 ). The cocultures with ⌬nef virus-infected target cells or target cells infected at a low MOI were performed with freshly sorted effector cells from infected or vaccinated animals ( Table 1 ) that were elicited from SIV-specific alleles that mounted alternate target peptides (A*01 Gag 181-189 CM9, A*02 Vif 97-104 WY8, A*02 Vif 100 -109 VL10, and B*17 Vif 66 -73 HW8) (Table 2). Suppression of viral replication was determined by an antigen capture assay for Gag p27 (ZeptoMetrix) in culture supernatants. Elimination of infected target cells was assessed by flow cytometric quantification of Gag p27 ϩ target cells in the presence and absence of effectors. SIV-infected target cells cultured in the absence of effectors (target cells only) and SIV-infected target cells isolated from animals with mismatched MHC-I alleles were included as biological controls. Target and effector cells were not autologous but matched in at least one MHC-I allele. Therefore, MHC-I-specific elimination was determined by subtraction of the nonspecific killing observed in mismatched target cell cocultures.
Infected CD4 ϩ T lymphocytes (2.5 ϫ 10 4 ) or infected macrophages (2.5 ϫ 10 4 ) were cocultured at 37°C with SIV-specific CD8 ϩ T cells at an effector/target (E/T) ratio of 1:1 in 200 l of R15-100 or macrophage medium, respectively. The following day, cocultures were centrifuged, and supernatants were collected and frozen for p27 enzyme-linked immunosorbent assays (ELISAs). The cells of the cocultures were harvested and stained with antibodies against CD14 (BV421, clone M5E2; Biolegend) or CD4 (BV421, clone L200; BD), CD3 (PerCPCy5.5, where PerCP is peridinin chlorophyll protein) (clone SP43-2; BD), CD8a (BV605, clone RPA-T8), and HLA-A, B, C (APC, clone W6/32; Biolegend), followed by intracellular Gag p27 staining using BD's Cytofix/Cytoperm with a primary 55-2F12 Gag p27 antibody at 20 g/ml and 5 ng/ml goat anti-mouse IgG2b R-PE-conjugated secondary antibody (Invitrogen) for 20 min at room temperature. A Live/Dead Fixable Near-IR (infrared) kit (Invitrogen) was used to exclude dead cells from the analysis. Data were collected using an LSR II flow cytometer (BD Biosciences) and analyzed using ϩ T cells)/amount of p27 in target cells only] ϫ 100, where the amount of p27 is in nanograms/milliliter. Using tetramer-bound CD8 ϩ T cells in the coculture assays did not prevent their effector function as they were able to kill infected CD4 ϩ T cells. The tetramer-bound CD8 ϩ T cells were not readily phagocytized by infected macrophages as their presence and viability were confirmed using a live/ dead gating by flow cytometry, and they were approximately 80% viable ( Fig. 2a and b) .
Statistical analysis. Statistical analysis was performed using GraphPad Prism, version 6.00, for Windows (GraphPad Software). Unpaired, two-tailed Student's t tests were used for comparing the difference in the suppression levels of viral replication in WT, Y223F, and ⌬nef virus-infected CD4
ϩ T cells to WT-, Y223F-and ⌬nef-infected macrophages. Paired, two-tailed Student's t tests were used to compare the difference in results for WT-infected and Y223F-infected CD4 ϩ T cells or for WTinfected and ⌬nef-infected CD4 ϩ T cells. Paired, two-tailed Student's t tests were used to compare the difference in results for WT-infected and Y223F-infected macrophages or for WT-infected and ⌬nef-infected macrophages.
RESULTS
SIV-specific CD8
؉ T cells are less effective at killing WT-infected macrophages. HIV/SIV-specific CD8 ϩ T cells control viral replication in HIV/SIV-infected CD4 ϩ T cells in an MHC class I (MHC-I)-dependent manner (13, (23) (24) (25) . However, they are less efficient at controlling viral replication in SIV-infected macrophages (13) . To confirm and possibly extend these results, monocyte-derived macrophages and CD4 ϩ T cells were infected in vitro with VSV-G-pseudotyped SIVmac239 (WT), and their elimination and the suppression of viral replication were evaluated by freshly sorted SIV-specific CD8 ϩ T cells ex vivo (Fig. 1) . Singlecycle infection of macrophages is very inefficient, even with macrophage-tropic viruses. Therefore, the viruses were pseudotyped with VSV-G, which has the ability to transduce a wide range of mammalian cells, to ensure synchronous and efficient infection of macrophages. Tetramer-sorted SIV-specific CD8 ϩ T cells were effective at eliminating WT-infected MHC-I-matched CD4 ϩ T cells (Fig. 2c and i) but less efficient at killing MHC-I-matched macrophages infected at a high ( Fig. 2e and i ) or low MOI (Fig. 2g  and i ) with wild-type virus. The nonspecific killing observed in cocultures with nonautologous MHC-I-mismatched target cells may be a result of an allogeneic reaction by SIV-specific CD8 ϩ T cells, which are mismatched by the MHC-I allele of interest (Fig. 2d, f, and h) . Therefore, to evaluate MHC-I-specific elimination, the percentage of elimination was calculated by subtracting the MHC-I-mismatched nonspecific killing (Fig. 2i) . It was shown that SIV-specific CD8 ϩ T cells were able to eliminate a mean of 29% of WT-infected CD4 ϩ T cells but only a mean of 3% of WT-infected macrophages, and this difference was statistically significant (P value, Ͻ0.0001). Additionally, an increase was observed in MHC-I-specific elimination in WT-infected macrophages with reduced infection (mean of 8%) compared to macrophages with a higher infection (mean of 3%), and this difference was statistically significant (P value, 0.0168). Furthermore, suppression of viral replication was significantly higher (P value, 0.0028) in WT-infected CD4 ϩ T cells than in WT-infected macrophages (Fig. 2j) . A mean of 28% maximum suppression was observed in WT-infected CD4 ϩ T cells in contrast to 5% in WT-infected macrophages. Indeed, the majority of WT-infected CD4
ϩ T cells exhibited evidence of suppression in viral replication by CD8 ϩ T cells. To ensure that the higher levels of infection in macrophages were not saturating the capacity of freshly sorted SIV-specific CD8 ϩ T cells to kill them, cocultures with macrophages infected at a lower MOI were also completed. The resulting lower MOI decreased the infection levels to approximately 35% of the target cells. At the time of these experiments, our access to SIV-specific CD8 ϩ T cells from elite controllers was limited. Therefore, cocultures were completed with macrophages infected at a low MOI Table 2 were used in this data set. The black line represents the mean percent elimination or suppression of virus, and each data point represents cocultures from different animals. P values: ****, Ͻ0.0001; **, 0.001 to 0.01; *, 0.01 to 0.05. FSC, forward scatter; SSC, side scatter. using SIV-specific CD8 ϩ T cells isolated from an infected elite controller, progressor, or vaccinated animal as effectors. Lowering the MOI did significantly increase the elimination of macrophages from a mean of 3% to a mean of 8% (P value, 0.0168) (Fig. 2i) . However, significant differences (P value, Ͻ0.0001) were still observed in the ability of SIV-specific CD8 ϩ T cells to eliminate CD4 ϩ T cells compared to that of macrophages infected at a low MOI (Fig. 2i) . Likewise, suppression of viral replication was significantly higher (P value, 0.0092) in WT-infected CD4 ϩ T cells than in macrophages infected at a low MOI (Fig. 2j) . No significant differences were detected in the ability of different SIV-specific CD8 ϩ T cells to eliminate or suppress viral replication in WT-infected target cells. As a positive control, SIV-specific CD8 ϩ T cell lines were generated and used to coculture macrophages infected at a high MOI, resulting in a complete elimination of the target cells, as other investigators have previously shown (data not shown) (14, 15) .
Impairing MHC-I downregulation does not sensitize infected macrophages to elimination by SIV-specific CD8
؉ T cells.
HIV-1-infected CD4
ϩ T cells have been shown to be eliminated by HIV-specific CD8 ϩ T cells that were freshly sorted (13) or generated into cell lines (13, 23, 24) primarily in an MHC-I-dependent manner. Therefore, we investigated whether the disruption of the ability of Nef to downregulate MHC-I molecules would sensitize the infected macrophages to elimination and suppression of viral replication by freshly sorted SIV-specific CD8 ϩ T cells early in coculture (23) . To validate the ability of Nef variants to disrupt MHC-I downregulation, CD4
ϩ T cells and macrophages were infected with VSV-G-pseudotyped SIVmac239wt (WT), SIVmac239⌬nef (⌬nef), and SIVmac239-Y 223 F (Y223F). Y223F virus contains a replacement of a tyrosine with a phenylalanine at position 223 that impairs the downregulation of cell surface MHC-I molecules by nef (19) , and ⌬nef virus contains a 181-bp deletion at nucleotide 175 in the beginning of the nef coding sequence that would be expected to inactivate all activities of nef (20, 21) . The Nef variants (Y223F or ⌬nef) were available in the SIVmac239 backbone, a lymphocyte-tropic virus that replicates efficiently in lymphocytes but poorly in macrophages (26) . Infection with VSV-G-pseudotyped viruses facilitates synchronous presentation of peptides on MHC-I molecules. Because of the efficiency of pseudotyped infections, virus spread was not an issue. To confirm productive infection (and not transfer of virus particles) in macrophages infected with pseudotyped Nef variants, macrophages were infected for 72 h in the presence or absence of tenofovir, a protease inhibitor (data not shown). Flow cytometry analysis of MHC-I surface expression on target cells infected with the different Nef variants showed that infection with pseudotyped viruses did not affect the Nef-mediated modulation of MHC-I (Fig. 3) . Compared to wild-type SIV, the point mutant and deletion mutant were impaired in their ability to downregulate MHC-I, and this disruption was more pronounced for the deletion mutant (Fig. 3a and b) . MHC-I expression in uninfected cells was used for comparison but may differ from that in infected cells due to the activation state of the cell.
To validate the ability of freshly isolated tetramer-sorted SIVspecific CD8
ϩ T cells to kill target cells infected with Nef variants capable of disrupting MHC-I downregulation, ex vivo viral suppression assays were completed with infected CD4 ϩ T cells and macrophages isolated from the same animal in parallel. Cocultures of infected CD4 ϩ T cells with effector cells showed a nonsignificant modest increase in the elimination of Y223F-infected cells (36% elimination) compared to that of WT-infected cells (29% elimination) (Fig. 4e) . However, in the cocultures with macrophages infected at a high MOI, only a mean of 2% of the WTinfected cells were eliminated, and no increase in the MHC-Ispecific elimination of Y223F-infected macrophages was observed (1%). Similar results were seen in WT-infected macrophages (mean of 8%) compared to those in Y223F-infected macrophages (mean of 6%) with reduced infection. Ex vivo-sorted SIV-specific CD8 ϩ T cells that eliminated WT-infected CD4 ϩ T cells (Fig. 4e ) eliminated fewer WT-infected macrophages at either high MOI (P value, 0.0025) or low MOI (P value, 0.0093). Moreover, the same effectors significantly eliminated Y223F-infected CD4 ϩ T cells but were inefficient at eliminating Y223F-infected macrophages at either high MOI (P value, 0.0001) or low MOI (P value, 0.0001). A slight increase was observed in MHC-I-specific elimination in WT-infected and Y223F-infected macrophages at low MOI compared to that in macrophages infected at high MOI (P values, 0.0415 and 0.0276, respectively).
An increase was observed in the mean of MHC-I-specific suppression of viral replication in Y223F-infected CD4 ϩ T cells (mean of 25%) compared to that in WT-infected CD4 ϩ T cells (mean of 9%) (P value, 0.0113) (Fig. 5) . However, we did not see a significant increase in the ability of SIV-specific CD8 ϩ T cells to eliminate Y223F-infected macrophages compared to elimination of WT-infected macrophages irrespective of the MOI used in macrophages. Freshly sorted SIV-specific CD8 ϩ T cells that suppressed viral replication in Y223F-infected CD4 ϩ T cells suppressed viral replication to a lesser extent in Y223F-infected macrophages at a high MOI (P value, 0.0003) or low MOI (P value, 0.0023). Due to limited availability of elite controllers for our studies, the majority of coculture experiments completed with macrophages infected at a low MOI were completed with effectors from infected or vaccinated animals, which could explain the reduced elimination and suppression of viral replication observed in WT-infected CD4 ϩ T cells controls (Fig. 5 ). Taking these results together, it appears that disrupting Nef's ability to downregulate MHC-I does not further sensitize infected macrophages to killing.
Disrupting Nef function is not required for the elimination of infected macrophages by SIV-specific CD8
؉ T cells. Infecting target cells with a point mutant that is unable to completely downregulate MHC-I expression did not significantly sensitize infected macrophages to MHC-I-specific elimination or suppression of viral replication by freshly sorted CD8 ϩ T cells (Fig. 5e) . Accordingly, it was reasoned that the interference of MHC-I downregulation may not be fully recapitulated in the point mutant ( Fig. 3a  and b) . Flow cytometry analysis on the ability of ⌬nef and Y223F variants to disrupt MHC-I downregulation proved that the ⌬nef variant was indeed more effective ( Fig. 3a and b) . As Nef is also able to downregulate CD4 surface expression (27) , in order to accurately calculate the elimination of ⌬nef-infected CD4 ϩ T cells, both CD4 ϩ p27 ϩ and CD4 Ϫ p27 ϩ T cell gates were used in the analysis. Since the deletion used to construct the ⌬nef variant resulted in a frameshift that disrupts the Nef 137-146 RL10 epitope, cocultures with ⌬nef-infected target cells were performed with freshly sorted effector cells from infected or vaccinated animals.
Cocultures of infected CD4
ϩ T cells with effector cells showed a significant increase in the mean of MHC-I-specific elimination of ⌬nef-infected CD4 ϩ T cells (29%) compared to that of WT-infected CD4 ϩ T cells (16%) (P value, 0.0064) (Fig. 6e) . However, no increase was observed in ⌬nef-infected macrophages (3%) at a high MOI compared to the level in WT-infected macrophages (2%). Similar results were also seen in macrophages infected at a low MOI when ⌬nef and WT infections were compared (5% and 8%, respectively). As stated previously, reducing the infection levels slightly increased the MHC-I-specific elimination in WT-infected macrophages (mean difference of 6%), but the difference was not significant. The same was true for ⌬nef-infected macrophages (mean difference of 2%). As observed in previous experiments ( Fig. 2i and 4e) , effector cells were more efficient in eliminating WT-infected CD4 ϩ T cells than macrophages infected at high (P value, 0.0064) (Fig. 6e) or low MOI. Similar results were obtained when the percentage of elimination of ⌬nef-infected CD4 ϩ T cells was compared to that of macrophages infected at a high (P value, 0.0005) or low (P value, 0.0025) MOI. Cocultures with ⌬nef-infected target cells were completed with SIV-specific CD8 ϩ T cells from infected or vaccinated animals due to the limited availability of elite controller animals with the desired SIVspecific CD8 ϩ T cell responses, which may explain the lower values in viral suppression in CD4 ϩ T cell cocultures. Consistently, there was a significant increase in the suppression of viral replication in ⌬nef-infected CD4 ϩ T cells (mean of 32%; P value, 0.0075) (Fig. 7) compared to that in the WT-infected cells (mean of 6%). Interestingly, ex vivo-sorted SIV-specific CD8 ϩ T cells, which suppressed viral replication in ⌬nef-infected CD4 ϩ T cells, were not able to suppress viral replication in ⌬nef-infected macrophages at a high (mean of 0%) or low (mean of 6%) MOI, and these differences were statistically significant (P values of 0.0062 and 0.0098, respectively). Furthermore, reducing the infection levels of macrophages did not reveal significant differences in elimination by SIV-specific CD8 ϩ T cells used in this data set. Therefore, despite the fact that ⌬nef virus restored MHC-I expression, it did not sensitize infected macrophages to CD8 ϩ T cell elimination or suppression of viral replication after 24 h of coculture (Fig. 7) . Therefore, Nef is neither required nor sufficient to control viral replication in infected macrophages by freshly isolated SIV-specific CD8 ϩ T cells.
DISCUSSION
Macrophages potentially constitute a viral reservoir in infected individuals on suppressive ART. Therefore, understanding whether these cells succumb to CD8 ϩ T cell killing is important in the design of strategies to cure HIV-1 infection (1-3, 9, 28 ). Previously, it has been shown that primary CD8 ϩ T cell clones and CD8 ϩ T cell lines suppress HIV-1 and SIV replication in macrophages (14) (15) (16) . Interestingly, autologous bulk CD8 ϩ T cells and CD4 ϩ T cells from human elite controllers suppressed viral replication in HIV-1-infected macrophages within 5 to 7 days (14) . However, within this window of time macrophages were able to spread infection to CD4 ϩ T cell effectors (14) . Therefore, slow killing of macrophages is likely to be of little consequence in cellmediated control of viral replication in infected individuals. Elimination of macrophages early in the infection cycle is necessary in order to prevent further virus spread. Our data show that freshly sorted SIV-specific CD8 ϩ T cells failed to significantly eliminate infected macrophages.
Based on our results, freshly sorted CD8 ϩ T cells eliminated and suppressed viral replication in WT-infected CD4 ϩ T cells, and most of the killing was MHC-I dependent. We reasoned that the ability of Nef to downregulate MHC-I was protecting macrophages from SIV-specific CD8 ϩ T cell recognition. However, altering the ability of Nef to downregulate MHC-I in infected macrophages, with a point mutant or by entirely disrupting the Nef function, did not further sensitize macrophages to killing by primary effector cells. Therefore, Nef appears to be neither necessary nor sufficient for the resistance of infected macrophages to elimination or suppression of viral replication by unstimulated, freshly sorted SIV-specific CD8 ϩ T cells. HIV may have acquired Nef to protect infected CD4 ϩ T cells from CD8-mediated killing, but macrophages seem to have developed alternate mechanisms for preserving viability in the face of the antiviral CD8 ϩ T cell responses.
We (data not shown) along with others observed the elimination of infected macrophages by HIV/SIV-specific CD8 ϩ T cells lines (14-16) but only marginally by freshly sorted HIV/SIV-specific CD8 ϩ T cells (13) . HIV/SIV-infected macrophages may be more resilient to the effector molecules secreted by unstimulated freshly sorted SIV-specific CD8 ϩ T cells. In order to generate peptide-specific CD8 ϩ T cell lines, we used previously described methods (29, 30) . Briefly, the Nef 137-146 RL10-specific CD8 ϩ T cell lines were started using freshly isolated PBMC from an elite controller animal containing Nef 137-146 RL10-specific CD8 ϩ T cells. The Nef 137-146 RL10-specific CD8 ϩ T cell lines were expanded for 1 month by repeated stimulation with peptide-pulsed irradiated autologous B-lymphoblastoid cell lines (BLCLs). The freshly sorted Nef 137-146 RL10-specific CD8 ϩ T cells were not stimulated before coculture assays and were only exposed overnight to IL-2. Cocultures with prestimulated CD8 ϩ T cell lines and freshly isolated unstimulated CD8 ϩ T cells were completed in parallel. The elimination of infected macrophages by the CD8 ϩ T cell lines, which were repeatedly stimulated with the Nef 137-146 RL10 peptide, may, upon recognition of their specific epitope, elicit abnormal antiviral responses that may overcome defense mechanisms by macrophages. A study completed by Shan et al. revealed the upregulation of granzyme B (GrB), gamma interferon (IFN-␥), CD107␣, and perforin production in primary CD8 ϩ T cells stimulated with Gag-specific peptides compared to that in nonstimulated cells (31) . It is possible that infected macrophages are targeted more efficiently by the excessively primed Nef 137-146 RL10-specific CD8 ϩ T cell lines and are able to deliver more robustly effector molecules that may overcome defense mechanisms by infected macrophages, whereas freshly sorted SIV-specific CD8 ϩ T cells may be a more physiological representation of in vivo killing of infected macrophages.
Are macrophages intrinsically resistant to CD8-mediated T cell killing, or does infection of macrophages by HIV-1/SIV induce a protective mechanism? CD8 ϩ T cells are able to lyse peritoneal macrophages infected with lymphocytic choriomeningitis virus (LCMV), suggesting that macrophages can be killed by virus-specific CD8 ϩ T cells (32, 33) . If LCMV-infected macrophages are susceptible to killing by primary CD8 ϩ T cells, this would suggest that HIV-1 may employ a mechanism to circumvent recognition or killing by CD8 ϩ T cells. Many viruses have adopted various strategies to preserve host cell viability in the face of cytopathicity and cell-mediated clearance forces. In particular, Kaposi sarcomaassociated human herpesvirus 8 and related gammaherpesviruses prevent the triggering of TRAIL-induced apoptosis by encoding viral FLICE-inhibitory proteins (vFLIPs) that interact with the Fas-associated death domain (FADD) to inhibit active caspase 8 generation (34) . Additionally, T cells infected with human-T cell leukemia virus type 1 are resistant to TRAIL-mediated apoptosis by the viral transactivator Tax (35) . Furthermore, three proteins (E3 RID) encoded by the human adenovirus type 5 induce the internalization of TRAIL receptors from the cell surface targeting lysosomal degradation (36) . Moreover, the human herpesvirus 7 is resistant to TRAIL-mediated cytotoxicity, and this is associated with downregulation of the TRAIL-R1 receptor from the surface of cells (37) . Also in B cells, the BHRF1 protein is encoded by the Epstein-Barr virus and is responsible for the inhibition of apoptosis by TRAIL (38, 39) .
We have previously demonstrated that HIV-1 induces prosurvival factors that preserve host cell viability in the face of cytopathicity. In HIV-1-infected macrophages, the envelope glycoprotein induces the prosurvival cytokine monocyte colony-stimulating factor (MCSF). This circumvents TRAIL-mediated apoptosis to maintain cell survival in the face of apoptotic stimuli, thereby affording macrophages protection from the cytopathic effects of the virus (9) . Apoptotic sensitivity could be restored when these prosurvival effectors were inhibited by treating infected macrophages with imatinib, an anticancer drug that has the ability to block signaling by the MCSF receptor (9) . Induction of prosurvival cytokines, such as MCSF, appears to be envelope dependent and independent of Nef and indicates that Nef is dispensable for the resistance of infected macrophages to CD8 ϩ T cell killing. The fact that inactivating mutations in Nef do not restore susceptibility to CD8 ϩ T cell surveillance implies that the induction of prosurvival pathways in infected macrophages is Nef independent. This further suggests that the induction of prosurvival pathways creates a phenotype that overrides the impact of cytotoxic CD8 ϩ T cells on infected macrophages. Therefore, the results in the current study, that Nef does not govern resistance to CD8 ϩ T cell killing, can be reconciled by our previous observations that the 
